Sequence analysis of the ribosomal DNA internal transcribed spacers (ITS) was used to establish phylogenetic relationships among 23 isolates of Pythium insidiosum, the etiological agent of pythiosis in mammals. The isolates were divided into three distinct clades that exhibited significant geographic isolation. Clade I consisted of isolates from North, Central, and South America, while clade II contained isolates from Asia and Australia. Also present in clade II was an isolate from a patient in the USA, but the origin of the infection may have been in the Middle East. Clade III was comprised of isolates from Thailand and the USA. All 23 P. insidiosum isolates were more closely related to each other than to any other Pythium species in this study. Additionally, all Pythium isolates formed a clade separate from both outgroup species, Phytophthora megasperma and Lagenidium giganteum. The ITS sequence results tend to support the existence of geographic variants or cryptic speciation within P. insidiosum. The sequence information obtained also provides an abundance of data for applications in the diagnosis of pythiosis and identification of P. insidiosum from clinical samples.
INTRODUCTION
Pythium insidiosum is the etiological agent of pythiosis, a granulomatous disease that occurs in tropical and subtropical regions, with some cases having also been reported in temperate regions. Pythiosis is characterized by cutaneous and subcutaneous infections (Miller, Olcott & Archer 1985 , Bentinck-Smith et al. 1989 , Dykstra et al. 1999 , bone lesions (Mendoza, Alfaro & Villalobos 1988 , Alfaro & Mendoza 1990 , esophagitis (Patton et al. 1996) , gastrointestinal disease (Allison & Gillis 1990 , Buergelt 2000 , and pulmonary infections (Goad 1984) in mammals including equines, canines, felines, cattle, and a captive spectacled bear (Tremarctos ornatus). In humans, symptoms such as arteritis (Sathapatayavongs et al. 1989 , Thitithanyanont et al. 1998 , keratitis (Virgile et al. 1993 , Badenoch et al. 2001 , and cutaneous or subcutaneous infections (Shenep et al. 1998 ) have been reported. P. insidiosum has also been isolated from a mosquito larva (CBS 777.84) . Pythium comprises over 120 described species, the majority of which are saprophytic or pathogenic to plants (van der Plaats-Niterink 1981 , Dick 1990 . P. insidiosum (de Cock et al. 1987 ) is the only species in the genus capable of infecting mammals. Included in this set of isolates are two of P. destruens (Shipton 1987 ) that have been shown to be conspecific with P. insidiosum based on immunodiffusion (ID) tests (Mendoza & Marin 1989) and restriction fragment length polymorphism (RFLP) analysis of the ribosomal DNA (rDNA) intergenic spacer (IGS) (Schurko et al. 2003) ; the name P. insidiosum has priority (de Cock et al. 1987) .
Although fluorescent antibody and ID tests concluded that isolates of P. insidiosum from around the world were antigenically identical (Mendoza, Kaufman & Standard 1987) , other studies revealed the existence of physiological and molecular variation. For instance, McMeekin & Mendoza (2000) showed varying effects of streptomycin on the growth of P. insidiosum isolates in vitro. Streptomycin inhibited or had no effect on the growth of isolates from Costa Rica or the USA (Florida and Tennessee), while it stimulated the growth of a human strain from Thailand. On a molecular level, Schurko et al. (2003) demonstrated genetic variation among P. insidiosum isolates using RFLP analysis of the rDNA IGS. Three clusters were revealed, with isolates within each cluster tending to share the same geographic origin, suggesting the existence of different geographic populations or cryptic speciation within P. insidiosum.
RFLP studies (Schurko et al. 2003 ) provided a method for genetic screening of all available P. insidiosum isolates to establish the existence of clusters of nearly identical isolates. 23 isolates were selected from the latter study representing a variety of animal hosts and geographic origins. These isolates form the basis of the present study to investigate the phylogenetic relationships between clades using rDNA internal transcribed spacer (ITS) sequences. This method, which has been used for Phytophthora and other oomycetes (Cooke et al. 2000) , allows the construction of a bootstrapped phylogenetic tree showing estimates of genetic distances between clades of isolates and their relationships to outgroup species. Two strains used by Shipton (1987) in his paper on P. destruens, including the ex-type strain of that species, were also included in the present study.
MATERIALS AND METHODS

Culture conditions and DNA isolation
26 Pythium isolates was used in this study (Table 1) . Strains were cultivated in 250 ml flasks containing 100 ml Sabouraud broth (2.0 % glucose, 1.0 % peptone). Samples were incubated at 37 xC while being rotated at 150 rpm for 5 d and their hyphae harvested by filtration. DNA was isolated according to the method of Mo¨ller et al. (1992) with modifications as described previously (Klassen, Balcerzak & de Cock 1996) .
Polymerase chain reaction
The polymerase chain reaction (PCR) with primers UN-UP18S42 and UN-LO28S576B (Table 2 ) amplified a region of the rDNA repeat unit including the 3k end of the 18S rRNA gene, ITS-1, the 5.8S rRNA gene, ITS-2, and approximately 580 bp of the 5k end of the 28S rRNA gene (Fig. 1 ). Amplifications were carried out in 20 ml volumes containing 0.1-10 ng genomic DNA, 0.1 mM dNTPs, 4.0 mM MgCl 2 , 0.08 mM of each primer, and 1.0 U Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA) in 1rPCR buffer (20 mM Tris-HCl (pH 8.4), 50 mM KCl). Amplifications were done using a Techne Unit Genius Thermocycler (Techne Incorporated, Princeton, NJ) with the following temperature cycling parameters : denaturation at 95 x for 3 min for the first cycle and 1 min each for subsequent cycles, annealing for 45 s at 68 x, and elongation for 1 min 45 s at 72 x with a total of 30 cycles followed by a final extension for 10 min at 72 x.
To assess the efficiency of the amplification, 2 ml aliquots of PCR products were electrophoresed in a 1.0 % agarose gel in 1rTBE buffer (89 mM Tris-HCl, 89 mM boric acid, and 20 mM EDTA). The remaining volumes of the PCR amplicons were used directly for DNA sequencing.
DNA sequencing
Direct sequencing of PCR products was performed using the Big Dye Terminator Cycle Sequencing Ready Reaction Kit, version 1.0 (Applied Biosystems, Foster City, CA). Each reaction was performed in a 20 ml total volume containing 2 ml sequencing mix diluted 1 :4 in sequencing buffer (200 mM Tris (pH 9.0), 5 mM MgCl 2 ), 3.2 mM primers and 5-20 ng of PCR template. Primers UN-UP18S42 and OOM-UP5.8S55 were used to obtain the forward sequences and primers PY-LO28S22 and OOM-LO5.8S47 for the reverse sequences ( Fig. 1 ; Table 2 ). Reactions were performed using a Robocycler Gradient 96 (Stratagene) with the following parameters : 20 s denaturation at 95 x, 30 s annealing at 60 x, and 2 min elongation at 60 x for a total of 30 cycles. Automated sequencing was carried out using an ABI Prism 310 Genetic Analyzer and analyzed using the software Sequencing Analysis, version 3.0 (Applied Biosystems).
Phylogenetic analysis
Overlapping sequences were assembled into contigs using SEQMAN (DNASTAR, Madison, WI). All sequences generated in this study have been deposited in GenBank and their accession numbers are given in Table 1 . The sequence for the outgroup Phytophthora megasperma was obtained from GenBank (accession no. L41381) and included in the analysis. Sequences were aligned using CLUSTAL X (Thompson et al. 1997 ) and the alignments were edited manually to improve the number of aligned sites using GeneDoc (Nicholas & Nicholas 1997) . The aligned sequences have been submitted to TreeBase (Submission PIN : 6297). Phylogenetic analysis using distance and parsimony methods was carried out using programs in PHYLIP, version 3.5c (Felsenstein 1993) . Pairwise distances between sequences were calculated with the DNADIST program using Kimura's two-parameter model (Kimura 1980) . The resulting distance matrix data were used for phylogenetic tree construction with the neighbour-joining algorithm (Saitou & Nei 1987) using the NEIGHBOR program. Parsimony analysis (Fitch 1971) was performed with the program DNA-PARS using a subtree pruning and re-grafting branch swapping algorithm. For both distance and parsimony analysis, the sequence input order was randomized using the jumble option. To test the reliability of the inferred trees, bootstrap re-sampling (Felsenstein 1985) with 1000 replicates was done using SEQBOOT. A majority-rule consensus tree was obtained using CONSENSE and visualized using TREETOOL.
RESULTS
21 isolates of Pythium insidiosum and two of P. destruens were used in this study ( between the 18S and 28S rRNA genes was sequenced in both directions. For a select number of isolates, the 580 bp of the 28S gene were also sequenced, but this region was subsequently omitted from the overall analysis due to the low level of sequence divergence among isolates. The length of the sequence containing ITS-1, the 5.8S rRNA gene, and ITS-2 showed little size variation among P. insidiosum isolates, ranging in size from 833 to 842 bp. The same region was slightly shorter for P. deliense, P. aphanidermatum, and Lagenidium giganteum, with sizes of 773, 777, and 782 bp respectively. Sequences were identical for the following three pairs of isolates : P. insidiosum M15 and P. destruens M24, P. insidiosum M12 and M16, and P. insidiosum 296 and M25. The sequence for Phytophthora megasperma (818 bp) was obtained from GenBank (L41381) and included in the alignment. Most of the variation among aligned ITS sequences of Pythium insidiosum was due to transitions, but there were also some transversions and short (1 to 3 bp) insertion and deletion events. Larger insertions and deletions mainly occurred when isolates of other Pythium species, Phytophthora megasperma, or L. giganteum were added to the alignment. Pairwise sequence distance measurements among isolates of Pythium insidiosum using the Kimura two-parameter model ranged from 0 to 0.0678. Ranges of genetic distance values were greater when comparing P. insidiosum isolates to other Pythium species (0.1612 to 0.1836 for P. deliense, P. aphanidermatum, and P. grandisporangium), L. giganteum (0.2991 to 0.3192), and Phytophthora megasperma (0.5058 to 0.5260).
The neighbour-joining and parsimony analyses generated phylogenetic trees with nearly identical topologies. A consensus tree resulting from bootstrap analysis using the neighbour-joining method is presented in Fig. 2 . Ph. megasperma was used to root the trees in each analysis, as it was the most distant species relative to the other isolates based on pairwise distance values. The Pythium species formed a monophyletic clade distinct from isolates of L. giganteum and Ph. megasperma. The isolates of P. insidiosum and its synonym P. destruens formed a clade that was well separated from the other Pythium species used in the analysis (P. grandisporangium, P. deliense, and P. aphanidermatum). This clade was further divided into three clades of isolates whose branching patterns were strongly supported by high bootstrap values. Clade I contained 12 isolates of P. insidiosum, including the ex-type culture (65), representing a variety of mammalian hosts (equines, canines, a feline, and a human) from Costa Rica, Haiti, Brazil, and the USA. Clade II contained seven isolates from various regions of Australia, south-east Asia, and the USA. The ex-type culture for P. destruens (M23) from an equine in Australia was present in clade II, and was very similar to another isolate of P. destruens (M24) and to a P. insidiosum isolate (M15), both isolated from equines in Australia and Papua New Guinea, respectively. Two human P. insidiosum isolates (M21 and M25), from Pennsylvania (USA) and Thailand, respectively, were present as well as isolates from a mosquito larva in India (296) and an equine from Japan (297). Clade III contained two human isolates from Thailand (291 and M7) as well as a third human isolate from Texas (M19). A fourth isolate (M18) in clade III, from a captive spectacled bear (Tremarctos ornatus) in South Carolina, was present on a separate branch from the other three isolates.
The phylogenetic tree resulting from parsimony analysis was identical to the one generated with distance methods with one minor exception. P. insidiosum (M19) clustered more closely with M7 than with 291 when compared to the neighbour-joining tree.
DISCUSSION
An analysis of rDNA ITS sequences was done to examine phylogenetic relationships among 23 isolates of Pythium insidiosum from a variety of hosts and geographic origins. The ex-type strains of P. aphanidermatum, P. deliense, and P. grandisporangium were also included in the analysis. The closely related species P. aphanidermatum and P. deliense have some morphological characters in common with P. insidiosum. P. aphanidermatum shares the high optimum temperature of 34-36 x with P. insidiosum, while most Pythium species grow best at 25-30 x (van der Plaats-Niterink 1981). At a molecular level, phylogenetic analysis of Pythium species, using the mitochondrial cytochrome oxidase II (cox II) gene, showed that P. insidiosum, P. aphanidermatum, and P. deliense are present in the same clade, and part of a larger clade of species with filamentous to lobate sporangia (Martin 2000) . Furthermore, sequence analysis of the ITS for over 90 Pythium species suggested that P. grandisporangium is even more closely related to P. insidiosum than all other species (C. A. L., unpubl.). Lagenidium giganteum and Phytophthora megasperma represent genera in the order Pythiales closely related to Pythium. Thus, these two oomycetes were used as outgroup species in this study. Schurko et al. (2003) reported intraspecific variation among P. insidiosum isolates based on RFLP analysis of the rDNA IGS. Phylogenetic analysis in our study, using the ITS1-5.8S-ITS2 rDNA region, separated 23 isolates of P. insidiosum into three clades supported by high bootstrap values (Fig. 2) . Clade I contained P. insidiosum isolates from regions of North, Central, and South America from hosts including equines, canines, a feline, and a human. Clade II contained isolates from Australia, south-east Asia, and the USA. P. insidiosum isolate 297, from an equine in Japan, was originally identified as P. gracile by Ichitani & Amemiya (1980) but was later reclassified as P. insidiosum by de Cock et al. (1987) . Two isolates of P. destruens, from equines in Australia (M23, the ex-type culture, and M24), were present among the five other P. insidiosum isolates. The fact that P. destruens was present within a clade of P. insidiosum isolates supports the finding that P. destruens and P. insidiosum are conspecific , Mendoza & Marin 1989 .
Two human P. insidiosum isolates were also present in clade II. Isolate M25, from a human in Thailand, was distinct from three other Thailand human isolates in clade III. Infection of the patient upon visitation to or reception of imported goods from neighbouring endemic regions is also a possibility that must be considered. Isolate M21 was from a patient with keratitis in Pennsylvania, who was originally from Afghanistan. The source of infection was uncertain for this reason, and also because no other cases of pythiosis had been reported from this region of the USA. Interestingly, the patient had previously received food products from Afghanistan, so the grouping of this isolate with others from India and Japan presents the possibility that the origin of infection might have been from the Middle East by way of imported food products from Afghanistan, as suggested earlier (Schurko et al. 2003) .
P. insidiosum isolate 296, from a mosquito larva in India, is unique to clade II as it is the only one isolated from a non-mammalian host. Lagenidium is a genus in the family Pythiaceae (Dick 2001 ) that contains species that are parasitic on algae, water moulds, other oomycetes, and microscopic animals (Sparrow 1973) . L. giganteum is a facultative oomycete parasite that attacks and kills mosquito larvae ; this makes it a potential biocontrol agent of mosquitoes (Berbee & Kerwin 1993) . In this study, P. insidiosum 296 was present in clade II with other P. insidiosum isolates from mammalian hosts, and distinct from the L. giganteum isolate from a mosquito larva in North Carolina. The ITS sequence analysis therefore supports the identification of isolate 296 as P. insidiosum and provides evidence that P. insidiosum has the potential to parasitize non-mammalian hosts such as mosquitoes and plants. It has been suggested that P. insidiosum parasitizes aquatic plants, such as water lilies, as part of its life cycle (Mendoza, Hernandez & Ajello 1993) . Furthermore, that P. insidiosum can easily be cultivated and induced to sporulate in pure culture (Mendoza & Prendas 1988) proves that a saprobic stage may in fact be part of its life cycle. Relative to this study, the fact that phylogenetically related strains of P. insidiosum can infect both mammals and insects (as in clade II), suggests that it does not exhibit host specialization. The zoospores, which are attached to hairs and tissues of mammals (Miller 1983) , are most likely simply opportunistic invaders of these animals.
Clade III contained three mammalian isolates, two from Thailand, one from the USA, and another (M18) from a spectacled bear (T. ornatus) from a zoo in South Carolina. RFLP analysis of the rDNA had shown isolate M18 was divergent from clades I, II, and III (Schurko et al. 2003) , but in this study it had a significant affinity with isolates in clade III. Clade III was distant from clades I and II, but still part of the larger clade of P. insidiosum isolates separate from other Pythium species. The fact that clade III appeared to be the most distantly related of the three clades indicates that it may represent a subspecies of P. insidiosum or a different species altogether, as suggested by Schurko et al. (2003) .
Overall, clades I, II, and III of P. insidiosum isolates were more closely related to each other than to the other Pythium species in this study. These clades were part of a larger clade containing three closely related Pythium species (P. aphanidermatum, P. deliense, and P. grandisporangium). This larger clade of Pythium species was also well separated from isolates of L. giganteum and Phytophthora megasperma. The genera Pythium and Phytophthora are distinguished from each other mainly by their mode of zoospore differentiation. In Phytophthora, zoospores develop with the zoosporangium, while in Pythium they develop in an external vesicle outside of the zoosporangium. It has been suggested that Pythium is ancestral to Phytophthora and this view has been supported by studies by Briard et al. (1995) and Cooke et al. (2000) . Lagenidium species are similar to Pythium insidiosum isolates based on their comparable septation or segmentation of hyphae and formation of zoospores in a vesicle, but differ as their sexual structures are less well differentiated (de Cock et al. 1987) .
While P. insidiosum isolates and other Pythium species in this study were well separated from L. giganteum and Phytophthora megasperma, Pythium species appeared to be more closely related to L. giganteum than to Phytophthora megasperma. The average pairwise genetic distances of the Pythium isolates compared to L. giganteum and P. megasperma were 0.3150 and 0.5160 respectively. Recent studies tend to support this result. For instance, in a cox II molecular phylogeny (Hudspeth, Nadler & Hudspeth 2000) , Pythium and Lagenidium species were located in a clade separate from Phytophthora. Moreover, Petersen & Rosendahl (2000) showed that Phytophthora species clustered more closely with Peronospora rather than with Pythium and Lagenidium species, and suggested that the genus Phytophthora be removed from the Pythiales and placed in the Peronosporales. Dick et al. (1999) showed that Lagenidium was a sister group to the Pythium and Phytophthora lineage. Most recently, the genera Pythium, Phytophthora, and Lagenidium were placed together in the order Pythiales in the family Pythiaceae by Dick (2001) . Therefore, our data showed that the isolates from the reported cases of pythiosis in our study were all P. insidiosum and that they were not a species in a closely related genus such as Phytophthora or Lagenidium.
RFLP analysis of the IGS provided a technique to rapidly screen isolates to estimate the intraspecific variability among isolates of Pythium insidiosum (Schurko et al. 2003) . However, ITS sequence analysis allows for the examination of phylogenetic relationships not only among P. insidiosum isolates, but also relationships between P. insidiosum and other Pythium species and closely related genera, a task that was not possible within the limitations of the RFLP technique. The sequence data also provides an abundance of genetic information that can be applied to molecular diagnostic techniques. Badenoch et al. (2001) used ITS sequence analysis to confirm the identification of a strain of P. insidiosum isolated from a human keratitis case. Grooters & Gee (2002) have used ITS sequence data to develop a nested PCR assay to detect P. insidiosum from clinical cases of pythiosis. Furthermore, the ITS sequence data provide a potential target for the development of a species-specific probe, a technique that has been used to identify and detect other oomycetes (Le´vesque, Harlton & de Cock 1998) and clinically important fungi (e.g. Elie et al. 1998 , El Fari et al. 1999 .
Our molecular analyses support the existence of three genetic clades of P. insidiosum that exhibit a high degree of geographic isolation (Schurko et al. 2003) . Clades I and II appeared to have the greatest affinity for each other, while clade III was more distantly related but still part of P. insidiosum. Each clade represented a genetically distinct population of P. insidiosum isolates with no apparent correlation between host and clustering pattern. These data also provided further evidence to reveal that P. insidiosum and P. destruens are conspecific based on the close relationships of isolates representing both species in this analysis. All isolates were more closely related to each other than to other closely related Pythium species or other oomycetes. Our molecular study therefore supports the view that geographically isolated populations of P. insidiosum may exist, or that P. insidiosum may comprise more than one species. An understanding of intraspecific variation in P. insidiosum may be crucial for the successful diagnosis and treatment of pythiosis in animals and humans.
